S
keletal muscle damage or loss arises in a range of diseases, including inherited muscular dystrophies, critical limb ischemia in peripheral arterial disease (PAD), and aging-related sarcopenia (4, 10, 22, 26, 33) . Weakened and aberrant muscles contribute significantly to the morbidity and mortality of patients suffering from these illnesses (4, 10, 22, 26, 33) . Skeletal muscle stem/progenitor cells, which give rise to embryonic and adult muscle (32, 34) , represent potential therapies for human skeletal muscle disease (22, 57) . Delineating the pathways controlling the maintenance and differentiation of these precursors will facilitate their reliable application in muscle repair (22, 57) .
In adult mammals, skeletal muscle stem cells-"satellite cells"-reside in a niche enveloped by differentiated muscle fibers and a layer of basement membrane. Quiescent satellite cells, expressing the transcription factor PAX7, become activated after muscle injury and terminally differentiate into new multinucleated skeletal muscle fibers (32, 34) . These processes depend on several transcription factors known as muscle regulatory factors, or MRFs: MYF5, MYOD, and myogenin ( Fig. 1A) (32, 34) . MYF5 and MYOD are coexpressed with PAX7 in activated satellite cells but possess distinct functional roles (Fig. 1A) (32, 34) . While MYF5 is important for muscle progenitor proliferation, MYOD is required for subsequent differentiation of these precursors (Fig.  1A) (32, 34) . MYOD and its target, myogenin, stimulate terminal differentiation through the activation of genes expressed in mature muscle (e.g., Myosin heavy chain) (32, 34) .
Skeletal muscle differentiation, or myogenesis, is tightly regulated and responds to environmental cues (32, 34) . For example, insulin and insulin-like growth factors (IGFs) can act upon cultured muscle progenitors, termed myoblasts, and stimulate their terminal differentiation (18) . In agreement with these findings, IGF-I has been shown to promote embryonic skeletal muscle development (36) and adult muscle regeneration in vivo (48) . A key pathway activated by insulin and IGFs is phosphatidylinositol 3-kinase (PI3K)/mammalian target of rapamycin complex 2 (mTORC2)/AKT. These molecules are required downstream of insulin/IGFs for muscle differentiation in vitro (13, 14, 28, 29, 41, (59) (60) (61) (62) . For example, it was recently demonstrated that the mTORC2 component RICTOR regulates terminal myoblast differentiation upstream of AKT (54) . AKT, furthermore, has been shown to promote embryonic muscle development and adult regeneration in vivo (44, 47) .
Skeletal muscle progenitors also respond to the availability of local nutrients, such as glucose (20) and molecular oxygen (O 2 ) (15, 25, 51, 64) . In fact, skeletal muscle is marked by reduced O 2 availability, or hypoxia, during both development and disease. Embryonic somites, where early skeletal muscle progenitors reside, exhibit increased expression of hypoxic markers (e.g., hypoxia inducible factor 1 [HIF1]) prior to the formation of local blood vessels and embryonic muscle (49, 50) . In addition, adult skeletal muscle exhibits severe pathological hypoxia in peripheral arterial disease (4, 7, 24, 26, 33, 45) . Hind limb ischemia, or insufficient blood supply, acutely leads to tissue damage in mouse models of this disease (7, 24, 45) . In otherwise-healthy animals, skeletal muscle progenitors as well as injured muscle fibers experience O 2 and nutrient deprivation until neovascularization restores perfusion to the tissue (7, 24, 45) . As blood flow returns, newly generated fibers reconstitute affected muscle groups (7, 24, 45) . Thus, in both embryonic development and adult regeneration, skeletal muscle stem/progenitor cells reside in a hypoxic microenvironment before the formation of local blood vessels and terminally differentiated muscle (7, 24, 45, 49, 50) . In severe cases of PAD, however, vascular insufficiency and muscle damage can persist chronically (4, 26, 33) .
O 2 may exert a developmental function in these contexts, for low-O 2 conditions are known to maintain skeletal myoblasts in an undifferentiated state in vitro (15, 25, 51, 64) . This suggests that in the hypoxic microenvironment of developing or regenerating skeletal muscle, O 2 -dependent pathways may constrain progenitor differentiation until there is ample blood supply, thereby conserving the stem/progenitor pool for appropriate circumstances for growth. However, this has not been formally tested in vivo.
While it is established that O 2 regulates myoblast differentiation, the molecular mechanisms are incompletely understood. In other tissues, HIFs represent the principal developmental effectors of O 2 availability (55) . These transcription factors are comprised of an O 2 -labile -subunit and O 2 -independent -subunit shown adjacent to the appropriate stages. (B) C2C12 myoblasts were differentiated for 96 h in 21% or 0.5% O 2 . IF for MHC was performed. The fusion index was calculated. (C) HIF1, MYOD, myogenin, MHC, and -tubulin protein expression levels were detected in lysates from C2C12 cells cultured in 21% or 0.5% O 2 after 1, 2, and 3 days of differentiation. D0, day 0; D1, day 1; D2, day 2; D3, day 3. (D) C2C12 myoblasts were cultured as for panel C, and the mRNA expression levels of muscle regulatory factors MyoD and Myogenin were assayed by qRT-PCR using total RNA isolated from myoblast cultures. Averages of 3 independent experiments are shown. (E) Protein expression of PARP and AKT was detected in lysates from C2C12 myoblasts after 48 h of differentiation in 21% O 2 , 0.5% O 2 , or in the presence of the cytotoxic agent staurosporine (Sta). (F) Primary mouse myoblasts were differentiated for 48 h in 21% or 0.5% O 2 . IF for MHC was performed. The fusion index was calculated. (G) Myogenin, MHC, and GSK3 protein expression levels were determined in lysates derived from primary myoblast cultures, as described for panel F. , statistically significant difference based on Student's t test (P 0.05). Myogenin (37) . Under hypoxic conditions, the two biologically relevant -subunits, HIF1 and HIF2, are stabilized and form dimers with HIF1 to activate the expression of numerous genes (37) . The role of the HIFs in myogenesis has been controversial. In one study, ectopic HIF1 did not affect myoblast differentiation under ambient O 2 conditions (64) . Another claimed that hypoxia inhibited muscle progenitor differentiation through a novel complex between HIF1 and NOTCH (25) . However, neither report showed if endogenous HIF was essential for the effects of hypoxia on myogenesis (25, 64) .
In the present study, we employed animal and cell culture models to determine if O 2 can influence the myogenic program in vivo and to delineate which factors modulate skeletal muscle progenitors in response to low O 2 . We show that low O 2 inhibits muscle progenitor differentiation and myogenic regulatory factor expression in vitro. In a murine model of PAD, MRF expression was similarly affected by ischemia in vivo. We then pursued the mechanism(s) linking O 2 to muscle differentiation. Surprisingly, while HIF1 deficiency had modest effects on myoblast differentiation, hypoxia can significantly modulate progenitor differentiation in the absence of HIF1. We determined that hypoxia regulates muscle differentiation through predominantly HIF1-independent effects on PI3K/mTORC2/AKT signaling. Low O 2 levels block PI3K/AKT signaling by reducing IGF-I receptor (IGF-IR) sensitivity to growth factors, and restoration of PI3K/AKT activity is sufficient to rescue myoblast differentiation. These findings suggest that HIF-independent factors may regulate the capacity of progenitors to repair skeletal muscle in settings of hypoxic/ ischemic injury.
MATERIALS AND METHODS
Cell culture. C2C12 myoblasts (CRL-1772; ATCC) were propagated in 20% fetal bovine serum (FBS) in Dulbecco's modified Eagle's medium (DMEM). To evaluate differentiation, myoblasts were grown to 80 to 90% confluence and switched to 2% horse serum in DMEM.
Primary mouse myoblasts were isolated from gastrocnemius muscles of 8-to 12-week-old C57BL/6 mice as described in reference 56. Briefly, calf muscles were dissected, minced, and digested with 0.2% type II collagenase. Fibers were subsequently triturated, washed, and further digested in 1% dispase-0.05% type II collagenase. Satellite cells were displaced from fibers by triturating through an 18-gauge needle. Cells were further washed, decanted through a 40-m strainer, and plated onto collagen-coated dishes. Primary cells were expanded in 20% FBS and 10 ng/ml recombinant human fibroblast growth factor (Promega) in Ham's F-10 for 7 to 9 days. For differentiation assays, 7.5 10 3 cells were plated in a 24-well plate overnight, and the medium was changed to 5% horse serum in DMEM.
Low-oxygen conditions were achieved in a Ruskinn in vivO 2 400 work station. The following inhibitors were used to modulate PI3K and mTORC activities: 10 M LY294002, 40 nM rapamycin,, and 250 nM Torin1 (gift from the D. Sabatini laboratory). Recombinant IGF-I and NOTCH ligand fusion protein Fc-JAG1 were purchased from R&D sytems. -Secretase inhibitors DAPT (10 M) and L-685,458 (1 M) were purchased from Sigma-Aldrich.
Virus preparation. For shRNA-mediated knockdown of Hif1 and Pten, lentiviral particles bearing pLKO.1 shRNA plasmids were generated in HEK-293T cells. 293T cells were transfected overnight with pLKO.1 empty vector, nonspecific shRNA, or target-specific shRNA and viral packaging plasmids, according to the Fugene reagent protocol (Roche). The following shRNA pLKO.1 plasmids were employed: pLKO.1 empty (Addgene 8543), pLKO.1 scrambled shRNA (Addgene 1864), pLKO.1 Hif1 shRNA (TRCN0000054451), pLKO.1 Pten shRNA (TRCN0000028991), G protein of vesicular stomatitis virus (VSV-G), pMDLG, pRSV-rev. Medium was recovered from cultures at 40 h posttransfection, and virus in supernatant was concentrated using 10-kDa Amicon Ultra-15 centrifugal filter units (Millipore). Myoblasts were incubated with 1/10-concentrated supernatant and 8 g/ml Polybrene in order to achieve 90 to 100% transduction efficiency. Because pLKO.1 shRNA plasmids contain a puromycin resistance gene, transduction efficiency was evaluated by puromycin selection. Cells were used for assays at 3 days postransduction.
For ectopic expression of myristoylated AKT (gift from Anthony Chi and Avinash Bhandoola), retroviral particles bearing migR expression plasmids were generated in HEK-293T cells as described above. Viral supernatant was concentrated, as described above, and administered to myoblasts. Myoblasts were transduced, as described above, with 1/10-concentrated supernatant in order to achieve 80 to 90% transduction efficiency. Because migR plasmids facilitate coexpression of green fluorescent protein (GFP), transduction efficiency was evaluated based on GFP positivity by immunofluorescence (IF). Cells were used for assays at 3 days postransduction.
siRNA transfection. For small interfering RNA (siRNA)-mediated knockdown of Hif1, C2C12 cells were treated with siRNA duplexes (100 nM) according to the HiPerfect protocol (Qiagen) for 24 h. After 48 h, cells were changed to differentiation conditions. The following duplexes were used: HIF1 targeting siRNA H1 (SI00193011), HIF1 targeting siRNA H4 (SI00193032), and negative control siRNA (SI03650325).
Quantitative RT-PCR (qRT-PCR). Total RNA was isolated from cells using the TRIzol reagent protocol (Invitrogen) and from skeletal muscle tissue using the RNAeasy minikit (Qiagen). mRNA was reverse transcribed using the High-Capacity RNA-to-cDNA kit (Applied Biosystems). Transcript expression was evaluated by quantitative PCR of synthesized cDNA using an Applied Biosystems 7900HT sequence detection system. Target cDNA amplification was measured using TaqMan primer/ probe sets (Applied Biosystems) for Hif1, Epas1, MyoD, Myogenin, Pgk1, Hey1, Hey2, HeyL, Hes1, Mxi1, and 18S.
Western blot analysis. Whole-cell and whole-tissue lysates were prepared in radioimmunoprecipitation assay (RIPA) buffer (150 mM NaCl-1% NP-40 -50 mM Tris [pH 8.0]-0.1% SDS-0.5% Nadeoxycholate). Proteins were subsequently separated by SDS-PAGE and transferred to nitrocellulose membranes. Membranes were probed using the following antibodies: rabbit anti-HIF1 (Cayman), mouse anti-MYOD (Novus), mouse antimyogenin (Santa Cruz), rabbit anti-myogenin (Novus Biologicals), mouse anti-myosin heavy chain (anti-MHC; MF-20; DSHB), rabbit anti--tubulin (Cell Signaling), rabbit anti-poly(ADPribose) polymerase (anti-PARP; Cell Signaling), rabbit anti-AKT (Cell Signaling), rabbit anti-P-AKT S473 (Cell Signaling), rabbit anti-P-AKT T308 (Cell Signaling), rabbit anti-phosphorylated glycogen synthase kinase 3/ S21/S9 (anti-P-GSK3/ S21/S9; Cell Signaling), rabbit anti-GSK3 (Cell Signaling), rabbit anti-P-FOXO1/3A (Cell Signaling), rabbit anti-P-P70 S6K (Cell Signaling), rabbit anti-P70 S6K (Cell Signaling), rabbit anti-P-S6 S240/S244 (Cell Signaling), rabbit anti-S6 (Cell Signaling), rabbit anti-P-IGF-IR Y1135 (Cell Signaling), rabbit anti-IGF-IR (Cell Signaling), rabbit anti-P-IRS1 S636/S639 (Cell Signaling), rabbit anti-P-IRS1 S307 (Cell Signaling), rabbit anti-P-IRS1 S612 (Cell Signaling), rabbit anti-IRS1 (Cell Signaling), rabbit anti-IRS2 (Cell Signaling), rabbit anti-P-MEK1/2 S217/S221 (Cell Signaling), rabbit anti-MEK1/2 (Cell Signaling), rabbit anti-P-ERK1/2 T202/Y204 (Cell Signaling), rabbit anti-ERK1/2 (Cell Signaling), rabbit anti-PERK (Rockland), rabbit anti-XBP1 (Santa Cruz Biotechnology), rabbit anti-CHOP (Santa Cruz Biotechnology), and rabbit anti-P-RICTOR S1235 (Cell Signaling). Densitometry was performed using NIH ImageJ software. Representative Western blotting images of multiple independent experiments are presented below.
Femoral artery ligation (FAL) studies. In 8-to 12-week-old mice (maintained on a mixed B6;129 background), hind limb ischemia was induced by ligating the left femoral artery as previously described (40) . Briefly, the femoral artery was exposed at the hip and separated from the femoral vein and nerve. Silk suture was passed under the artery and tied to occlude it. Limb perfusion measurements were taken before surgery, immediately following surgery, and 48 h later using diffuse correlation spectroscopy (DCS) (40) . DCS measurements were performed using a homebuilt instrument with two continuous-wave, long coherent 785-nm lasers (CrystaLaser Inc., Reno, NV) and eight avalanche photodiodes (PerkinElmer, Canada). Data collection was performed simultaneously in both limbs, via four detectors distributed symmetrically along one single source positioned at the center. This allowed for two source detector separations (0.5 and 1.0 cm) from both the top and bottom of the source position. In order to compare flow from the same region over the two different positions, we measured 3 different points along the bottom portion of the DCS probe, symmetrically positioned in each limb. In addition, mice were imaged before and immediately after surgery using a laser doppler imager (Moor Instruments, United Kingdom). Anesthetized mice were placed on a black background and scanned at a rate of 10 pixels/ms with the imager. Data collection and image generation were conducted using Moor LDI software. At 48 h after ligation, extensor digitorum longus muscles were harvested from the nonligated (right) and ligated (left) limb and homogenized into TRIzol for mRNA analysis or into RIPA buffer for protein analysis.
IF and microscopy. Myoblasts were cultured in 24-well dishes and differentiated. At the time of harvest, cells were fixed to wells with 4% paraformaldehyde. Immunostaining was performed for MHC (MF-20; DSHB) or HIF1 (Cayman) followed by fluorescein-linked secondary antibody treatment (Alexa Fluor 488 or Alexa Fluor 594; Invitrogen). Mounting medium with 4=,6-diamidino-2-phenylindole (DAPI; Vector Labs) was applied last. Cells were imaged at 20 magnification (or 60 magnification for HIF1 staining) using an Olympus IX81 inverted fluorescence microscope. For differentiation assays, 4 to 5 fields (containing 900 to 1,200 nuclei per field) were analyzed per group/condition. For HIF1 staining, 4 to 5 fields (containing approximately 300 nuclei per field) were analyzed per group/condition. Image analysis was then performed using MetaMorph software to quantify total DAPI nuclei, the DAPI nuclei in MHC cells, or the HIF1 /DAPI nuclei in a given field. To measure the degree of myoblast differentiation (or MHC "myotube" formation), a fusion index was calculated: the number of DAPI nuclei in MHC cells in a field was divided by the total number of DAPI nuclei in that same field. A ratio was generated for each field in an experimental group, and an average ratio was determined. To evaluate HIF1 positivity, the number of HIF1 /DAPI nuclei were quantified per field. The average number of nuclei per field was generated for each experimental group. After image analysis and data collection were complete, fluorescence images were processed (i.e., brightness/contrast enhancement/ cropping) using Microsoft Office Picture Manager for manuscript preparation, ensuring that changes were applied equivalently to all parts of the image and to both experimental and control images.
RESULTS

Hypoxia inhibits primary and immortalized myoblast differentiation in vitro.
To evaluate the impact of O 2 availability on muscle progenitor differentiation, we used established cell culture models of skeletal muscle development: the C2C12 murine myoblast cell line and primary adult mouse myoblasts. Myoblasts can be stimulated to terminally differentiate into multinucleated myotubes, signified by expression of MHC (56) . The differentiation conditions recapitulated features of ischemia-induced muscle regeneration: reduced availability of serum factors and local compensatory induction of IGFs (17, 45, 56, 60, 61) . Consistent with previous reports (15, 19, 25, 51, 64) , culturing C2C12 cells under low-O 2 conditions (0.5%) caused a 95% decrease in the generation of MHC myotubes after 96 h, compared to cells cultured at 21% O 2 ("normoxia") (Fig. 1B) . Decreased MHC levels were confirmed by Western blot analysis over 3 days of differentiation (Fig. 1C) . The decreased numbers of differentiated cells were not due to increased cell death, as exposure of C2C12 cells to 0.5% O 2 for 48 h did not affect PARP cleavage, a marker of apoptosis (2) (Fig. 1E) . We also examined the expression of muscle regulatory factors MYOD and myogenin. During a 3-day time course, both mRNA and protein expression levels of MYOD and myogenin were reduced in myoblasts incubated at 0.5% O 2 ( Fig.  1C and D) , consistent with previous studies (15, 64) . These data indicate that hypoxia inhibits the myogenic transcriptional program and terminal differentiation of C2C12 myoblasts.
We extended these analyses to primary skeletal myoblasts, obtained from the hind limb muscles of 8-to 12-week-old mice. We reproducibly found that differentiating primary adult skeletal myoblasts at 0.5% O 2 abrogated MHC myocyte formation by IF and MHC protein levels by Western blotting ( Fig. 1F and G) . In addition, myogenin protein levels were also reduced in hypoxic myoblasts (Fig. 1G ), in agreement with the studies of C2C12 myoblasts. Therefore, hypoxia negatively regulates the differentiation program of skeletal muscle progenitors in multiple systems.
Ischemia correlates with reduced MRF expression in vivo. In mouse models of PAD, the femoral artery providing blood to the hind limb muscles is ligated, producing acute skeletal muscle injury (7, 24, 45) . Skeletal muscle progenitors as well as damaged muscle fibers experience O 2 and nutrient deprivation before the formation of new blood vessels and terminally differentiated muscle (7, 24, 45) . We hypothesized that following ligation, hypoxic stress in skeletal muscle impedes progenitor differentiation until the revascularization process has restored nutrient availability. To evaluate this possibility, we surgically occluded the left femoral artery in 8-to 12-week-old adult mice and followed limb perfusion using both laser doppler imaging and diffuse correlation spectroscopy (40) . Blood flow within the ligated limb was significantly reduced immediately following surgery ( Fig. 2A and B ) and 48 h later (n 4) (Fig. 2B) . At 48 h after ligation, extensor digitorum longus (EDL) muscles were harvested from the ligated and nonligated limbs (n 13). Consistent with previous reports on the skeletal muscle response to ischemia (8), HIF1 protein expression was induced in ischemic EDL muscle relative to muscle from the nonligated leg (Fig. 2C) . mRNA expression of differentiation markers MyoD and Myogenin were also analyzed. The expression of these factors, which promote terminal progenitor differentiation (32, 34) , was significantly decreased (57% and 71%, respectively) in ischemic skeletal muscle compared to nonischemic EDL (Fig. 2D) . Myogenin protein levels were also reduced in ischemic muscle (Fig. 2E) . These data suggest that ischemic stress negatively regulates the myogenic program in vivo, which correlates with the effects of hypoxia on myoblast differentiation in vitro.
Hypoxia inhibits myoblast differentiation through HIF1-dependent and -independent mechanisms. Next, we employed multiple RNA interference (RNAi) approaches to determine whether O 2 regulates myoblast differentiation through a HIFdependent mechanism. C2C12 myoblasts were depleted of HIF1 by using lentiviral shRNA and then differentiated at 21% O 2 or 0.5% O 2 . Based on IF, HIF1 protein levels were significantly increased in control cells at 0.5% O 2 but were undetectable in Hif1 knockdown cells (Fig. 3A) . HIF1 depletion was confirmed by qRT-PCR (Fig. 3B) and Western blot assays (Fig.  3C) . After 24 h under hypoxic conditions, the HIF1 target gene Phosphoglycerate kinase 1 (Pgk1) was induced 8.7-fold in control cells but was not significantly changed in Hif1 shRNA-expressing cells (Fig. 3B) .
We then evaluated expression of the myogenic program. Hypoxia repressed MYOD mRNA and protein levels independent of Hif1 shRNA expression ( Fig. 3B and C) . Incubating either control or knockdown cells under low-O 2 conditions also caused a reduction in myogenin ( Fig. 3B and C) : 91% versus 87% at the mRNA level and 60% versus 49% at the protein level based on densitometry. However, it should be noted that HIF1-depleted myoblasts showed significantly increased normoxic levels of myogenin transcript and protein (2.5-fold and 1.8-fold, respectively); these cells, when incubated under hypoxic conditions, also expressed myogenin protein at levels comparable to normoxic control cells (89% of control cells). Similar effects on myogenin were observed when we used multiple independent siRNAs targeting Hif1 (Fig. 3D) , suggesting that O 2 affects the expression of MRFs through HIF1-dependent and -independent mechanisms.
Terminal differentiation was also evaluated at 48 h. Reduced O 2 availability resulted in significantly decreased MHC protein expression in control and HIF1-depleted cells (by 91% and 79%, respectively) (Fig. 3E) ; similarly, hypoxia significantly impaired MHC tube formation by 78% in control and by 60% in knockdown cells (Fig. 3F) . However, HIF1 deficiency led to a 1.5-fold increase in myotube generation under conditions of 21% O 2 and restored tube formation under hypoxia to 58% of normoxic control levels. Overall, these data indicate that while HIF1 plays a modest role in myoblast differentiation, O 2 availability clearly modulates muscle progenitor differentiation through HIF1 independent means as well.
We also considered if HIF2 compensated for HIF1 deficiency. Unlike HIF1, HIF2 is expressed in select cell types and is regulated at the mRNA level (37) . Hif2 mRNA levels were lower in C2C12 myoblasts and primary adult myoblasts (39-fold and 15-fold lower, respectively) than in primary macrophages, which normally express HIF2 protein (Fig. 3G) . Also, both myoblast cell types exhibited lower Hif2 mRNA levels than mouse embryonic fibroblasts, which do not express detectable HIF2 protein (23) . In contrast, Hif1 mRNA levels were comparable in all cell types examined (Fig. 3G) . We conclude that Hif2 is expressed at very low levels in myoblasts, suggesting it plays a less important role in this lineage. O 2 regulates myoblast differentiation independent of NOTCH. According to a prior study (25) , hypoxia may regulate muscle progenitors through NOTCH signaling. We initially evaluated this model by measuring the effect of hypoxia on genes regulated by NOTCH transcriptional activity (27) . Hypoxia induced the NOTCH target gene Hey2, consistent with a prior report (25), but not Hey1, HeyL, or Hes1 in C2C12 cells (Fig. 4A) .
As Hey2 can be regulated through NOTCH-independent mechanisms (16), we assessed if hypoxic induction of Hey2 requires NOTCH. We employed the NOTCH ligand JAG1 to activate signaling (35) as well as -secretase inhibitors (GSI) to suppress an essential enzyme in the pathway (30) . An effective dose of the GSI DAPT (10 M) was determined by evaluating its ability to suppress JAG1-dependent Hey1 induction (Fig. 4B) . Interestingly, we found that DAPT treatment did not significantly abrogate the hypoxic activation of Hey2 (Fig. 4C) , suggesting this effect is predominantly NOTCH independent. We also measured Hey2 levels in response to combined hypoxia and JAG1 treatment. Hey2 mRNA levels were promoted by JAG1 (6-fold) and hypoxia (33- (Fig. 4D ). This suggests that NOTCH and O 2 -sensing pathways do not synergistically regulate Hey2 in myoblasts. Hey2 appears to be less important for skeletal myogenesis than other NOTCH target genes (9) . Therefore, we directly assessed whether NOTCH signaling contributes to hypoxic inhibition of myoblast differentiation. Myogenin protein expression, MHC protein levels, and MHC tube formation were repressed at 0.5% O 2 , independent of GSI treatment (Fig. 4E, F, and G) . At 1% O 2 -as used in a prior study (25)-MHC tube formation was also repressed independently of GSI exposure (Fig. 4G) . These results suggest that hypoxic effects on myoblast differentiation are NOTCH independent.
Hypoxia inhibits PI3K/AKT activity in a predominantly HIF1-independent manner. Our data suggest that O 2 availability can regulate muscle progenitor differentiation through HIFindependent mechanisms. The PI3K/mTORC2/AKT pathway has been shown to promote myoblast differentiation in vitro and muscle development in vivo (13, 14, 28, 29, 41, 44, 47, 54, (59) (60) (61) (62) . Moreover, while AKT generates crucial responses to extracellular growth factors, this pathway is also sensitive to intracellular stress signals (12, 42, 43) . We postulated that low O 2 availability blocks PI3K/mTORC2/AKT activity as a means of impeding differentiation. To assess this possibility, we measured levels of signal transduction downstream of PI3K (Fig. 5A) .
Hypoxia repressed the phosphorylation of AKT at S473-a modification performed primarily by mTORC2 and required for maximal AKT activity (46)-over a 3-day differentiation time course (Fig. 5B) . This effect was detectable within 12 to 16 h of O 2 deprivation (Fig. 5C ). It was also observed at 1% O 2 (Fig. 5D) , the O 2 tension used in a previous study that linked hypoxia to myoblast differentiation (25) . Interestingly, incubating C2C12 myoblasts at 5% or 1.5% O 2 had modest effects on P-AKT S473 levels, indicating a threshold for AKT inactivation may exist between 1.5% and 1% O 2 (Fig. 5E ). The phosphorylation of AKT at T308 -mediated by 3-phosphoinositide-dependent kinase 1 (PDK1) and also essential for AKT activity (46)-was also diminished under hypoxic conditions (Fig. 5F ), indicating that O 2 deprivation blocks multiple PI3K-dependent modifications of AKT.
In accordance with the less-active AKT, multiple direct substrates of AKT (38) exhibited decreased phosphorylation under low-O 2 conditions: GSK3 S21, GSK3 S9, FOXO3A T32, and FOXO1 T24 (Fig. 5G and H) . AKT also indirectly promotes mTORC1 activity (38) , and markers of mTORC1 signaling-P- 70S6K T389 and P-S6 240/244 -were similarly decreased under hypoxic conditions (Fig. 5H) . These results indicate that O 2 affects AKT activity toward a broad group of substrates. We next examined if AKT signaling was sensitive to O 2 levels in primary myoblasts. Hypoxia caused a reduction in levels of P-AKT S473, P-AKT T308, P-GSK3 S21, and P-GSK3 S9 (Fig. 5I) , consistent with reduced AKT signaling. This suggests that O 2 controls AKT activity in several models of muscle progenitor differentiation. It remained unclear if these effects were HIF1 independent. HIF1 loss resulted in a modest induction of AKT activity at 21% O 2 (Fig. 5J) , suggesting a role for basal HIF1 protein levels in restraining AKT. However, C2C12 cells expressing either empty vector or Hif1 shRNA exhibited similar reductions in AKT activity in response to hypoxia: P-AKT S473 (69% versus 66%), P-GSK3 S21 (65% versus 55%), P-GSK3 S9 (48% versus 43%), and P-S6 S240/244 (70% versus 54%) (Fig. 5J) . This indicates that low O 2 levels inhibit PI3K/AKT activity in myoblasts through primarily HIF-independent pathways.
Inhibitors of PI3K and mTOR complexes mirror the effects of hypoxia on myoblast differentiation. To evaluate if O 2 regulates muscle differentiation through AKT, we compared the effects of O 2 deprivation and PI3K/mTORC2/AKT pathway inhibition on myogenesis. Multiple pharmacologic agents were employed, including rapamycin, which inhibits both mTORC1 and mTORC2 activity after prolonged exposure (52) , and the PI3K inhibitor LY-294002. Treating differentiating myoblasts with either of these reagents or hypoxia resulted in similar decreases in P-AKT S473 and myogenin levels after 24 h (Fig. 6A) . After 48 h, P-AKT S473, AKT, and a nonspecific protein (NS) were detected in lysates of C2C12 myoblasts cultured with 21% or 0.5% O 2 for multiple days of differentiation. (C) C2C12 myoblasts were incubated at 21% or 0.5% O 2 under differentiation conditions. Cells were harvested at different times over 24 h for protein lysates. HIF1, P-AKT S473, and AKT abundance levels were measured. (D) C2C12 cells were differentiated for 24 h with 21%, 1% and 0.5% O 2 . HIF1, P-AKT S473, and AKT expression levels were determined. (E) C2C12 cells were differentiated for 24 h at 21%, 5%, 1.5%, and 0.5% O 2 . HIF1, P-AKT S473, and AKT expression levels were determined. (F) C2C12 cells were cultured for 24 h under differentiating conditions at 21% or 0.5% O 2 . P-AKT T308 and AKT expression levels were evaluated from protein lysates. (G) C2C12 cells were cultured as described for panel B, and lysates were probed for P-GSK3 S21/P-GSK3 S9, GSK3, and a nonspecific band (NS). (H) C2C12 myoblasts were cultured as described for panel F. Levels of P-FOXO3A T32/P-FOXO1 T24, P-P70S6K T389, P70S6K, P-S6 S240/S244, S6, and -tubulin were measured. (I) Protein expression levels of P-AKT S473, P-AKT T308, AKT, P-GSK3 S21/P-GSK3 S9, and GSK3 were detected from lysates derived from primary myoblast cultures after 48 h of differentiation at 21% or 0.5% O 2 . (J) C2C12 myoblasts were transduced with empty vector (Ctl) or Hif1 shRNA (shH) and differentiated for 24 h at 21% or 0.5% O 2 . The protein expression levels of HIF1, P-AKT S473, AKT, P-GSK3 S21/P-GSK3 S9, GSK3, P-S6 S240/S244, and S6 were measured by Western blotting. . _ GSK3j3 -P-S6 S240/S244
they also led to comparable reductions in MHC myotube formation ( Fig. 6B ) and MHC protein levels by Western blot analysis (Fig. 6C ). In addition, the more-specific ATP-competitive mTORC inhibitor Torin1 (58) yielded similar outcomes as rapamycin ( Fig. 6A and C) . In conclusion, inhibition of the PI3K/ mTORC2/AKT pathway mirrors the effects of hypoxia on myoblast differentiation. Derepression of PI3K/AKT activity in hypoxia restores myoblast differentiation. We then determined if derepression of PI3K/AKT signaling in hypoxia was sufficient to rescue muscle progenitor differentiation. First, we employed a myristoylated form of AKT (myrAKT) in order to restore AKT activity. AKT is normally recruited to the plasma membrane by the PI3K product phosphatidylinositol (3,4,5)-triphosphate (PIP3) (Fig. 7A) (11) . This brings AKT into close proximity with its upstream kinase PDK1, promoting pathway activation (Fig. 7A) (11) . In contrast, myrAKT does not require PIP3 for recruitment, because its myristoyl moiety docks myrAKT at the cell membrane. As a consequence, myrAKT is constituitively available for activation by PDK1. We observed that differentiating myoblasts transduced with myrAKT exhibited high levels of AKT activity irrespective of O 2 tension, in contrast to cells expressing the empty vector (Fig.  7B) . After 48 h of differentiation, myrAKT expression was sufficient to markedly promote MHC tube formation (Fig. 7C ) and MHC levels (Fig. 7D) , supporting the notion that AKT is a key driver of myoblast differentiation. In response to hypoxia, MHC tube formation was only partially repressed in myrAKTexpressing cells relative to control cells (38% versus 96%) (Fig.  7C) . Moreover, hypoxic C2C12 cells expressing myrAKT exhibited levels of MHC protein that were tantamount to normoxic control cells (Fig. 7D) . These results indicate that elevating AKT activity through constituitive membrane recruitment is sufficient to restore myoblast differentiation in hypoxia.
We complemented these experiments with a second approach to restore PI3K/AKT activity in hypoxia: depletion of the lipid phosphatase and tensin homolog (PTEN). PI3K generates PIP3 from phosphatidylinositol (4,5)-bisphosphate on the inner leaflet of the plasma membrane, a reaction reversed by PTEN (Fig. 7A ) (11) . In turn, PIP3 molecules recruit PDK1 and AKT, drawing these factors into close proximity to one another and facilitating downstream signaling (Fig. 7A) . PI3K activity and PIP3 have also been shown to enhance mTORC2 activity toward AKT (Fig. 7A ) (11, 21) . Reducing PTEN levels, therefore, should maintain PIP3 levels in the cell and promote AKT activity. We found that C2C12 cells lacking PTEN exhibited levels of PI3K/AKT activity under hypoxic conditions that were comparable to normoxic control cells (Fig. 7E) . Moreover, phosphorylation of AKT effectors was impaired by hypoxia in control C2C12 cells but only modestly reduced in PTEN-deficient cells (Fig. 7E) , including P-GSK3 S21 (51% reduction versus 10%), P-GSK3 S9 (50% versus 16%), and P-S6 S240/S244 (59% versus 23%). These effects are clearly important for differentiation, as PTEN inhibition in differentiating myoblasts restored MHC expression and MHC tube formation under hypoxic conditions to levels reached by control cells under normoxic conditions (Fig. 7F and G) . These experiments further support the notion that derepressing PI3K/AKT signaling under hypoxic conditions is sufficient to restore myoblast differentiation and suggest that O 2 regulates muscle progenitors through effects on this pathway. O 2 availability influences IGF-I receptor sensitivity to growth factors. Finally, we determined how hypoxia blocks PI3K/ AKT signaling in muscle progenitors, by considering several upstream points of regulation (Fig. 8A) . Previous studies of cancer cells and fibroblasts have suggested that hypoxia can promote endoplasmic reticulum (ER) stress (63) . Moreover, ER stress can negatively regulate PI3K/AKT signaling (12, 42, 43) . Thus, we hypothesized that ER stress may facilitate AKT inactivation under low O 2 conditions. We evaluated several established markers (63) Majmundar et al. of the ER stress response in hypoxic myoblasts: induction of phosphorylated PERK, spliced forms of XBP1, and CHOP. In the setting of ER stress, phosphorylated PERK migrates at a higher molecular weight on SDS-PAGE (6). However, incubating myoblasts at 0.5% O 2 for 24 h did not influence PERK levels or migration (Fig. 8B ). In addition, the levels of unspliced XBP1, spliced XBP1, and CHOP were not changed after 24 h at 0.5% O 2 , while P-AKT S473 was reduced as expected (Fig. 8B ). This suggests that incubating differentiating myoblasts under hypoxia conditions did not alter ER stress levels above those observed under 21% O 2 .
In addition, we examined two signals by which ER stress inactivates AKT (12, 42, 43) . First, we evaluated the insulin receptor substrates 1 and 2 (IRS1 and IRS2), which link insulin/IGF receptors to downstream signaling components (38) . In response to increased ER stress or negative feedback signals (e.g., from mTORC1), IRS can be destabilized through increased phosphorylation at crucial serine residues, leading to impaired AKT activity (38, 42, 43) . However, in C2C12 cells cultured under low O 2 conditions for 24 h, we observed that IRS1 and IRS2 protein levels were unchanged and that serine residues in IRS1 were hypophosphorylated, suggesting these proteins were not destabilized in hypoxia (Fig. 8C) . The reduction in phosphorylated IRS1 protein may instead reflect decreased mTORC1 activity (38, 43) (Fig. 5H) . Second, we evaluated S1235 phosphorylation of mTORC2 component RICTOR, which is induced by ER stress and hinders the ability of mTORC2 to activate AKT (12) . Phosphorylated and total RICTOR levels, however, were unchanged after 24 h at 0.5% O 2 (Fig. 8D ). This suggests that hypoxia does not influence AKT through several ER stress-associated mechanisms.
Another regulator of PI3K/AKT signaling is the small GTPase RAS (11) . In response to growth factors, RAS stimulates mitogenactivated protein kinases (i.e., MEK1/2, ERK1/2) and PI3K (11, 31) . C2C12 myoblasts cultured under hypoxic conditions for 24 h exhibited normal levels of phosphorylated MEK1/2 and phosphorylated ERK1/2, the activated forms of these kinases (Fig. 8E) . This suggests that hypoxia does not modulate AKT through effects on RAS and that O 2 affects select growth factor-dependent pathways in myoblasts.
We next evaluated whether IGF-I receptor (IGF-IR) expression or activity is regulated by O 2 availability, as this receptor C2C12 myoblasts were transduced with empty vector (MigR) or myristoylated AKT (myrAKT) and differentiated for 48 h at 21% or 0.5% O 2 . P-AKT S473, AKT, P-GSK3 S21/P-GSK3 S9, and GSK3 protein levels were evaluated. (C) C2C12 myoblasts were cultured as described for panel B. IF for MHC was performed using Alexa Fluor 594-conjugated secondary antibody. The fusion index was calculated. (D) C2C12 myoblasts were cultured as described for panel B Protein expression levels of MHC and GSK3 were detected. (E) C2C12 myoblasts were transduced with scrambled shRNA (Ctl) or Pten shRNA (shP) and differentiated for 24 h at 21% or 0.5% O 2 . Protein levels of PTEN, P-AKT S473, AKT, P-GSK3 S21/P-GSK3 S9, GSK3, P-S6 S240/S244, and S6 were measured by Western blotting. (F) C2C12 myoblasts were transduced with scrambled shRNA (Ctl) or Pten shRNA (shP) and differentiated for 48 h under 21% or 0.5% O 2 . IF for MHC was performed. The fusion index was calculated. (G) C2C12 myoblasts were cultured as described for panel F. Lysates were probed for PTEN, MHC, and AKT. , statistically significant difference based on Student's t test (P 0.05); #, not statistically significant difference based on Student's t test (P 0.05). :.: 
PTEN
responds to endogenous IGFs and stimulates AKT activity during myoblast differentiation (60) (61) (62) . C2C12 myoblasts were cultured under 21% or 0.5% O 2 for 24 h. Levels of phosphorylated IGF-I receptor (P-IGF-IR)-the active form-were evaluated (Fig.  8F ). While total IGF-IR was unaffected in 0.5% O 2 , P-IGF-IR levels were reduced (Fig. 8F) , indicating a smaller proportion of IGF-I receptors is active under hypoxic conditions. In addition, the cells were pulsed for 5 min with escalating doses of exogenous IGF-I, as this approach enabled us to measure the acute responsiveness of IGF-IR to growth factor. While IGF-I treatment promoted increased levels of P-IGF-IR under 21% O 2 , this induction was blunted in hypoxic myoblasts (Fig. 8F) . Total receptor levels were, again, unaffected (Fig. 8F ). This indicates that hypoxia reduces the sensitivity of the IGF-I receptor to growth factors, providing a mechanism for how O 2 controls PI3K/AKT signaling in muscle progenitors.
DISCUSSION
Skeletal muscle stem/progenitor cells represent potential therapies for human skeletal muscle disease (22, 32, 34, 57) . Determining what factors regulate these precursors will facilitate their use in muscle repair (22, 32, 34, 57) . In the present study, we investigated how the differentiation of skeletal muscle progenitors is influenced by O 2 deprivation-a key feature of peripheral arterial disease (4, 7, 24, 26, 33, 45) . We found that low O 2 inhibits terminal differentiation of both immortalized and primary myoblasts. Expression of the key muscle regulatory factors MYOD and myogenin is repressed by hypoxia in vitro and ischemia in vivo. To our surprise, hypoxia significantly modulates progenitor differentiation in the absence of HIF1. We explored a HIF1-independent role for O 2 in controlling PI3K/AKT signaling and concluded that low O 2 availability blocks this pathway as a means of impeding terminal differentiation. Early reports linking O 2 to myoblasts did not evaluate if the HIFs were required for the effects of hypoxia (15, 25, 64) . We observed that HIF1 loss has modest effects on myoblast differentiation at 21% O 2 , consistent with a recent study (51) . We also found that low O 2 levels significantly blocked progenitor differentiation in the absence of HIF1 expression. This implies that while HIF1 plays a modest role in myoblast differentiation, HIFindependent factors significantly regulate progenitor differentiation in response to hypoxia. These results were unexpected, for O 2 has been shown to control many developmental processes in a variety of lineages through HIF-dependent mechanisms (55) . It suggests that O 2 may influence muscle development and regeneration in vivo through pathways other than HIF. Importantly, we have generated mice with targeted deletion of Hif1 or Hif1 in Pax3-expressing embryonic muscle progenitors, and skeletal muscle develops normally in these animals (data not shown).
We then evaluated which HIF1-independent factors underlie the effects of low O 2 conditions. We focused on PI3K/AKT signaling, as this pathway is important in skeletal myogenesis (13, 14, 28, 29, 41, 44, 47, 54, (59) (60) (61) (62) . We observed that low O 2 levels blocked mTORC2-dependent phosphorylation of AKT and AKTdependent activation of mTORC1 in C2C12 myoblasts. While this is consistent with a recent report (51) , our study provides multiple were cultured for 24 h under differentiating conditions with 21% or 0.5% O 2 . HIF1, PERK, XBP1(spliced), XBP1(unspliced), CHOP, P-AKT S473, and AKT levels were quantified. (C) C2C12 myoblasts were cultured as described for panel B. P-IRS1 S636/S639, P-IRS1 S307, P-IRS1 S612, IRS1, and IRS2 protein levels were quantified. (D) C2C12 myoblasts were cultured as described for panel B. P-RICTOR S1235, RICTOR, and AKT protein levels were quantified. (E) C2C12 myoblasts were cultured as described for panel B. Expression levels of P-MEK1/2 S217/S221, MEK1/2, P-ERK1/2 T202/Y204, and ERK1/2 were assayed from myoblast protein lysates. (F) C2C12 myoblasts were cultured as described for panel B and pulsed with IGF-I. P-IGF-IR Y1135 (short and long exposures), IGF-IR, and AKT abundance levels were evaluated. 
AKT additional insights into O 2 -dependent AKT inactivation. We showed that both PDK1-and mTORC2-dependent phosphorylation of AKT are repressed under hypoxic conditions. Moreover, we evaluated a wider array of AKT effectors beyond mTORC1, including GSK3, GSK3, FOXO3a, and FOXO1, and concluded that hypoxia broadly affects AKT activity. We also defined the kinetics and O 2 range for these effects and presented evidence that O 2 -dependent regulation of AKT occurs in primary myoblasts. Myoblast differentiation was restored in hypoxia by derepressing not only AKT, as was previously shown (51), but also PI3K. In addition, we clarified the mechanism by which O 2 regulates AKT: reduced IGF-IR sensitivity. Using lentivirus-mediated knockdown, we evaluated if hypoxic inactivation of AKT is HIF1 dependent. In contrast with the findings reported by Ren and colleagues (51), we observed that hypoxia regulates PI3K/AKT signaling in a predominantly HIF1-independent fashion by using selected pools of knockdown cells as well as multiple monoclonal cell lines (data not shown). Unlike the previous report (51), we measured the ratio of phosphorylated AKT in 0.5% O 2 to levels in 21% O 2 for control and HIF1 knockdown cells, thereby evaluating how O 2 affects AKT in the presence or absence of HIF1. We cannot exclude the possibility that a low level of HIF1 is sufficient to repress AKT activity under hypoxic conditions, although our lentivirus strategy reduced HIF1 levels by 90% uniformly across the transduced pool. Hence, it will be important in future studies to evaluate how O 2 regulates AKT in primary Hif1-deleted myoblasts.
AKT inhibition was first detectable within 12 to 16 h of hypoxia exposure, suggesting that either a rapid posttranslational signal is not involved or sufficient time for turnover of an activated PI3K/ AKT signaling component is needed. The latency of this response may also imply that O 2 affects this pathway through HIFindependent regulators of gene transcription (e.g., PGC1) (37) . In addition, we found that levels of phosphorylated AKT remained high under modest hypoxia (5% and 1.5%) but declined as O 2 concentrations decreased further (1% and 0.5%). This observation is consistent with previous reports in the literature suggesting that cells exert distinct hypoxic responses depending on the severity of O 2 deprivation (39). This sharp threshold suggests that the PI3K/AKT pathway may remain relatively active in skeletal muscle progenitors encountering mild hypoxia but would become impaired in more extreme O 2 deprivation during ischemic disease (4, 26, 33) .
We also considered whether hypoxia suppresses AKT through increased ER stress (12, 42, 43, 63) . In contrast to earlier studies performed in cancer cells and fibroblasts (63) , myoblasts did not exhibit evidence of increased ER stress under hypoxic conditions, relative to levels under normoxic conditions. Moreover, several mechanisms of AKT inactivation associated with ER stress (12, 42, 43) were not engaged during hypoxia. These data suggest that ER sensitivity to hypoxic stress may depend heavily on cellular context and that ER stress does not mediate the observed inactivation of AKT.
Hypoxia is known to regulate mTORC1 through several mechanisms downstream of AKT, such as REDD1 induction and AMPK-dependent TSC1/2 activation (63). We observed that hypoxia suppressed mTORC1 signaling through AKT inactivation in myoblasts, as restoring PI3K/AKT activity in hypoxia (via Pten depletion) rescued mTORC1 activity. Hypoxic inactivation of AKT, therefore, represents an additional connection between O 2 and mTOR. In contrast to mTORC1, the regulation of mTORC2 is less well understood (53) . Although hypoxia regulates mTORC2 activity in myoblasts, this is an indirect consequence of blunted IGF-IR signaling. Further investigation is required to determine how O 2 modulates receptor sensitivity (e.g., altered receptor localization or expression of a coreceptor) and if such mechanisms are engaged in other contexts.
Surprisingly, we observed that hypoxia regulates myoblast differentiation independent of NOTCH signaling. This differs from a past study linking HIF to NOTCH (25) . In that report hypoxic conditions of 1% O 2 were used, while 0.5% O 2 was employed in most of the experiments in our study. Because exposure to these two O 2 levels could have distinct biological consequences (39), we compared their effects in several experiments. Both O 2 concentrations repressed "myotube" formation in a NOTCH-independent fashion, and AKT was sensitive to hypoxia at both O 2 tensions. This suggests that different hypoxic conditions do not account for our conflicting results. Nevertheless, our observations do not exclude the possibility that HIFs regulate NOTCH in other contexts (e.g., neural progenitors and thymic lymphomas) (5, 25) .
The response of myoblasts to O 2 deprivation also appears to be distinct from that of cancer cells, where AKT signaling is unchanged or enhanced in response to hypoxia (1, 3) . This may reflect a difference between normal and malignant cells, as tumor cells acquire genetic mutations (e.g., PTEN loss) that could maintain AKT activity in hypoxia and facilitate dysregulated growth.
To summarize, O 2 regulates skeletal muscle progenitor differentiation independently through HIF1 and PI3K/AKT signaling (Fig. 9A) . We postulate that muscle stem/progenitor cells confronted with low O 2 availability (e.g., during ischemic injury) are maintained in an undifferentiated state, conserving these cells for appropriate circumstances for growth (Fig. 9A) . Acute ischemia 9A) . This model is supported by our observation that myogenic factors are decreased in vivo during acute ischemic stress. Because myofiber degeneration could partially account for this reduction, it will be important in future studies to evaluate if depletion of HIF1 and/or the O 2 sensor regulating PI3K/AKT can promote myogenic factor expression and myofiber regeneration in an ischemic injury model. This study, overall, provides new insights into how progenitors are regulated by their environment, and it has implications for skeletal muscle repair.
